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Introduction
Indentation morphologies (pile-up/sink-in) depend on the mechanical properties of materials, especially the strain-hardening exponent (n) and yield strength-to-elastic modulus ratio (Y/E). Pile-up and sink-in can hamper measurement of material properties 2 and are considered to be the main problem associated with some methodologies for determining the elastic modulus using instrumented indentation testing. For example, Franco et al. 3 confirmed this effect for a broad range of materials and found that those materials that exhibited pile-up produced different elastic modulus values in instrumentation indentation tests and tensile tests. Other methodologies, known as reverse analysis, have been proposed to overcome the pile-up effect 4, 5 . One of these was tested and performed well when used with polymers 6 . After exhaustive use over many years of the results reported by Norbury and Samuel 8 , new experimental results relating strain-hardening exponent and indentation morphologies in spherical indentation were published 7 . Pintaude et al. 7 observed that the behavior of two metals (316 L stainless steel and AA1350-H24 aluminum alloy) in deep spherical indentation tests was not described by any model [9] [10] [11] [12] and discussed this finding in the light of the metallurgical properties of these materials.
In this context, this manuscript aims to compare the indentation morphologies for different metals calculated using models described by Hernot et al. 1 and Cheng and Cheng 13 and to show how they explain the findings in the study by Pintaude et al. 7 . Both models are based on numerical simulations. In the case of the paper by Hernot et al. 1 , a series of equations were derived, as the amount of pile-up or sink-in depends on the ratio of the maximum indentation depth to ball radius (h/R) and on the mechanical properties (n and Y/E) extracted from tensile tests. Cheng and Cheng 13 make use of dimensional analysis in addition to numerical simulation to obtain the indentation morphology index and present the results graphically for each value of strain-hardening exponent.
Experimental
Two aluminum alloys and 1020 steel were tested in spherical indentation tests using different ball diameters and loads. For practical reasons, the ratio of the indentation diameter (d) to ball diameter (D) should be kept in the range 0.24 to 0.6 in this type of test 14 . Accordingly, only those combinations of load and ball diameter shown in Table 1 AA1350 alloy (0.145 wt. % Fe -0.007 wt. % Si) was heat treated to produce different levels of hardening: H18 (work-hardened), H24 (partially recovered) and O condition (totally recovered). A wide range of treatments were carried out to identify cycles that would provide different hardness values for the AA1350 alloy. Based on these treatments, the H24 condition was achieved after 6 hours at 330 °C, and for the O condition an isothermal temperature of 400 °C was applied for 6 hours. A summary of the heat treatments can be seen in Table 2 . A detailed study 15 tested a roughly similar aluminum alloy (0.81 wt. % Fe -0.65 wt. % Si) under different true strains (0.2 to 3.7) and for all cases, including an as-cast condition, 400 °C was always sufficient to ensure fully recrystallized grains.
For the indentation experiments, the specimens were machined and the surfaces prepared to a finish equivalent to a sanding performed with 1200 grit to ensure they were flat and to avoid scratches or grooves. After indentation, the residual profiles were determined using a 2D profilometer with the specimens fastened by a device (details elsewhere 7 ) to prevent them moving while measurements were being taken. We use the following equation and symbols to describe the amount of pile-up or sink-in:
where imi is the indentation morphology index, h C is the contact depth (= s + h, where s is the pile-up depth), and h is the indentation depth at maximum load.
Values of imi higher than 1 indicate that pile-up has occurred, while values less than 1 correspond to sink-in. Figure 1 shows the parameters described in Equation 1 and a cross section of an indentation profile.
All the materials were also submitted to tensile tests in an MTS810 tester with a 10kN load cell. The strain rate used was 0.083 mm/s and the strain-hardening exponent was obtained following the procedures described in ASTM E646-07 [16] . A minimum of three samples were tested for each type of material. The results are shown in Table 3 .
The materials tested have strain-hardening exponents of less than 0.4, a necessary condition for the model proposed by Hernot et al. 1 . The following equations described by Hernot et al. 1 were therefore used with the mechanical properties obtained in tensile tests:
where R is the ball radius, and M and N are defined as Figure 2 shows the experimental values of imi versus the values calculated using the model described by Hernot et al. 1 . An important limitation when using this model is the value of Y/E, which should be greater than 1/4200. In the case of AA1350 aluminum alloy, it is worthwhile to note that its Y/E is close to this limit.
Results and Discussion
The experimental values obtained for 6063-T5 alloy and 1020 steel were predicted reasonably well by the model, as were the results for recovered AA1350 aluminum alloy despite this material's low Y/E. Taking a typical value of imi for AA1350-O (1.0), it is clear from Figure 3 that the results of the numerical simulation described by Cheng and Cheng 13 do not agree with the experimental values for this case. Figure 3 shows that a material with imi = 1.0 would correspond to an experimental value of Y/E > 0.001, which does not agree with the values calculated using the theoretical model even if allowance is made for the fact that the strain-hardening exponents used in the experimental approach and the numerical simulation were different (0.28 for the experimental approach and 0.3 for the numerical simulation). AA1350-O aluminum alloy 2014; 17 (1) has a Y/E value of 0.0006, smaller than that indicated in Figure 3 . Consequently, the model proposed by Hernot et al. 1 produced better results for AA1350-O alloy than the numerical simulation described by Cheng and Cheng 13 . Materials with a strain-hardening exponent equal to 0.08 are also shown in Figure 2 , from which it can be seen that there is reasonable agreement between the experimental results and the results obtained using the theoretical model. Again, agreement with the results of the numerical simulation13 can be checked in Figure 4 .
When the Y/E value for 1020 steel is used in the numerical simulation developed by Cheng and Cheng 13 , an imi value of approximately 1.12 is obtained, while for AA1350-H18 alloy the simulation gives an imi of 1.15. As the experimental strain-hardening exponent for these materials is different from the value used in the numerical simulation, these results can be considered satisfactory. In fact, they were corroborated by the experimental finding of an imi of 1.11 for 1020 steel tested with a 5 mm diameter ball.
The poorest prediction of experimental values for the materials in Figure 2 was observed for AA1350-H24 alloy. Two experimental variations observed for this alloy merit further attention: the deviation in yield strength and the deviation in indentation depth profiles.
Changes in yield strength resulted in only small changes in imi: for each 0.02 GPa change in yield strength a 0.01 variation in imi was observed, which is insufficient to affect the relationship shown in Figure 2 . A possible explanation for the results observed for this alloy may therefore lie in the change in indentation profile.
It can be seen from Figure 5 that the profile after indentation with a 3.175 mm diameter ball was not uniform and that there were different pile-up depths on either side of the indentation.
Using the average value of h for AA1350-H24 tested with a 3.175 mm diameter ball (0.128 mm) and the pile-up depths in Figure 5 to recalculate the imi, the lower pile-up depth gives a value of 1.04 and the higher pile-up depth a value of 1.16. The former is very close to the value predicted by the model described by Hernot et al. 1 for this condition (1.05), and the latter to the average experimental values shown in Figure 2 (1.2) . Thus, it can be concluded that the greatest pile-up depth observed experimentally resulted in Table 3 . Yield strength (Y), elastic modulus (E) and strain-hardening exponent (n) for the different materials.
Material and temper
(where applicable) an average imi value quite different from those calculated using the model. Pintaude et al. 4 demonstrated a similar effect for wiredrawn 52100 steel, i.e., that pile-up depth was different on each side of the indentation profile after Vickers indentation testing. In addition, Bartier et al. 17 pointed out that imi is very sensitive to microstructural inhomogeneities, such as precipitates and different grain sizes. The question of microstructural inhomogeneities is relevant in the case of AA1350 alloy. For example, Mishin et al. 18 found that for cold-rolled AA1050 alloy (0.24 wt. % Fe -0.15 wt. % Si) in the recrystallized state, grain size was related to grain orientation: grains with the same orientation as the rolling texture had a smaller mean size than those with other orientations, resulting in an irregular distribution. Figure 6 presents images of AA1350 alloy in H18 and H24 conditions, revealed in scanning electron microscope. The dimension of images corresponds to a typical diameter (~1mm) found after indentation with 3.175 mm ball.
As the differences between the microstructures revealed in Figure 6 are not clear enough to separate a worthy effect of irregular grain distributions, a final hypothesis to explain the results observed for AA1350-H24 alloy can have been caused by the unevenness in plane of the specimen surface, although all efforts were made to avoid this effect during the specimens' preparation.
As the discrepancies observed with AA1350-H24 alloy are satisfactorily accounted for by the above explanations, it can be concluded that the model proposed by Hernot et al. 1 successfully predicted almost all the experimental results reported here and can therefore be considered a reliable tool for describing indentation morphologies.
Conclusions
The model proposed by Hernot et al. 1 to predict indentation morphologies was tested for two aluminum alloys and one type of steel with strain-hardening exponents of less than 0.4. The results can be considered satisfactory even for low Y/E values. Although the residual indentation profiles of only one type of material were not detected by the model, this could be accounted for by the fact that the pileup depths for this material differed significantly from those for the other materials investigated. This exceptional case was discussed in terms of microstructural inhomogeneities in an attempt to explain the discrepancy in pile-up depths. Although the model proposed by Hernot et al. 1 failed to predict the imi for this material, it can be considered a reliable tool for predicting indentation morphologies using tensile properties.
